RESEARCH C ool-season annual grasses play a major role in livestock grazing systems in the Southern Great Plains of the United States. In recent years, there has been increased interest in perennial cool-season forage grasses by producers and plant breeders in this region to provide adapted germplasm. A negative characteristic of perennial grasses, however, is generally poor establishment. The effect of unfavorable weather is more critical during germination and the early seedling development stages than at any other stage of vegetative growth (Sprague, 1943) . Establishment of autumn-planted forages is especially difficult to achieve when dry and extreme cold conditions occur, which is a common occurrence in the Southern Great Plains (Malinowski et al., 2009) .
Growth processes within the seed are chemical reactions activated by the presence of water, O, and temperature (Odabaş and Mut, 2007) . Temperature is the main environmental factor governing seed germination in moist soil (Dürr et al., 2015) . Odabaş and Mut (2007) reported 94 and 92% of the variation in rye and oat germination, respectively, can be explained by temperature. For most species, soil temperature determines both the fraction of seeds that germinate and the rate at which they germinate (Heydecker, 1977) . Qi and Redmann (1993) reported a temperature and water stress interaction effect on total germination and the germination rates of cool-season grasses. High and low temperature
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ABSTRACT
Temperature plays a primary role in seed germination, and germination under a wide range of temperatures can promote early seedling emergence and stand establishment. The objective of this growth chamber experiment was to determine the effects of temperature (5-35°C) on the germination of eight species using 6 annual and 14 perennial cool-season grass lots. The greatest germination of annual and perennial cool-season grasses occurred at 20 and 15°C, respectively. Germination of oat (Avena sativa L.) was typically greatest at 10 to 20°C, whereas rye (Secale cereale L.) germination was generally greatest at 5 to 20°C and annual ryegrass (Lolium multiflorum Lam.) germination was greatest at 10 to 30°C. Germination of orchardgrass (Dactylis glomerata L.) and hardinggrass (Phalaris aquatica L.) was greatest at 15 to 20°C. Germination of tall fescue [Schedonorus arundinaceus (Schreb.) Dumort.] varied by type: summer-active tall fescue had optimal germination between 15 and 25°C but summer-dormant tall fescue had optimal germination between 10 and 20°C, except for 'NFTF 1800E-', which was more sensitive to high temperatures (> 5°C). On the basis of these findings, the seeding rates of rye, oat, orchardgrass, hardinggrass, and tall fescue should be increased by ~30% if planted in early September rather than late September to account for the reduction in germination; summer-dormant tall fescue should be planted 2 to 3 wk later (1-15 October) than summer-active types (early September) in the southern Great Plains.
extremes increased the sensitivity of germination rate to moisture stress and decreased the germination percentage of fescue varieties (Brar and Palazzo, 1997) . The base temperature for germination in most commercially available temperate pasture and field species is £4.5°C (Lonati et al., 2009 ). The optimum temperature for germination of most cool-season grasses is reported to be in the range of 10 to 30°C (Sprague, 1943; Odabaş and Mut, 2007; Lonati et al., 2009; Monks et al., 2009; Schellenberg et al., 2013; Zhang et al., 2013) . Adaptability and germination of seeds under a broad range of temperatures is important for early seedling emergence and establishment of a full crop stand (Brar et al., 1991) . In areas with variable rainfall patterns and amounts, it may be critical for a species to germinate quickly when competition for resources is great and the window of opportunity for growth and development is small (McGraw et al., 2003) .
Changing environmental conditions such as increasing temperatures and atmospheric CO 2 and decreasing rainfall may affect the historical distribution of temperate grass production. Hughes (2000) reported that a 3°C change in mean annual temperature results in a shift in isotherms of 300 to 400 km in latitude. Current cereal grain cultivars may also exhibit earlier maturity and reduced yields under warmer temperatures (Wheeler et al., 2000) . Consequently, an understanding of the germination response of annual and perennial cool-season grasses to temperature is needed to assess their germination requirements to develop strategies for successful stand establishment. Therefore, the objective of this study was to determine the effects of temperature (5-35°C) on the germination of 6 annual and 14 perennial cool-season grass cultivars and experimental germplasm.
MATERIALS AND METHODS
The experiment was conducted during September and October 2012 in growth chambers located at the Samuel Roberts Noble Foundation in south central Oklahoma (34°10¢ N, 97°10¢ W; elevation 266 m). The experiment was conducted twice (two trials) using a randomized complete block design (a block was considered a shelf within a growth chamber) with two replicates per trial evaluating 6 annual and 14 perennial cool-season grass entries (Table 1) . Seed lots were at least 1 yr old to minimize the dormancy effect of newly harvested seed. Entries were evaluated over seven constant temperature levels of 5, 10, 15, 20, 25, 30, and 35°C . Seed germination counts were made 3, 7, 10, and 14 d after initiation (DAI). Growth chambers were programmed to deliver 13 h of light per day.
An experimental unit was defined as a 100 × 15 mm polystyrene petri dish (VWR International, LLC, Radnor, PA) containing 100 seeds per grass entry. Petri dishes contained an 83-mm-diameter steel blue nontoxic seed germination blotter that contained 25% rag (Anchor Paper Co., St. Paul, MN). Prior to the temperature treatment initiation, dry seeds, petri dishes, and deionized water containing 0.01% concentration of mefenoxam [(R,S)-2-([2,6-dimethylphenyl]-methoxyacetylamino)-propionic acid methyl ester], which was added to inhibit the growth of surface fungal contaminants, were placed into the appropriate temperature growth chamber and allowed to acclimate for at least 24 h. After temperature acclimation, the water-fungicide solution was added to each petri dish in a volume that was based on 100-seed weight (Table  1) to initiate the temperature treatment. Petri dishes were sealed with laboratory film (Pechiney Plastic Packaging, Menasha, WI) to reduce moisture loss. Additional water was added at counting dates if needed to ensure that water availability would not be confounded with other treatment factors.
Seed germination was defined as radicle emergence. At each counting date, germinated seeds were counted and removed from the petri dishes. At each subsequent counting date, newly germinated seeds were added to previously recorded germination counts so that the final count at 14 DAI was a cumulative germination number for 14 DAI and all prior counting dates.
Statistical Analysis
Cool-season annual and perennial grasses were considered distinct experiments and were analyzed and presented separately. Prior to analysis, the percentage seed germination was transformed using an arcsine square-root transformation to meet the statistical assumptions of normality and homogeneity of variance. The transformed percentage was used only for Tall wheatgrass 'NF6020' 6 † The amount of water per petri dish based on weight of 100 seeds: 6 mL corresponded to 0.05 to 0.89 g 100-seed weight; 8 mL corresponded to 0.90 to 1.99 g 100-seed weight; 10 mL corresponded to 2.00 to 2.69 g 100-seed weight. E+, endophyte-infected; E-, endophyte-free. ‡ Summer-dormant, Mediterranean tall fescue. § Summer-active, Continental tall fescue.
RESULTS AND DISCUSSION

Cool-Season Grass Germination
Annual Grasses There was a temperature × DAI interaction (P < 0.01) effect on annual cool-season grass germination. The greatest overall germination occurred at 20°C (P < 0.01) compared with the next greatest germination at 15°C, indicating that 20°C was the optimal temperature for germination of these annual cool-season grasses (Fig. 1) . Additionally, at the optimal temperature (20°C), maximum germination occurred after 3 DAI (P = 0.01; Fig. 1 ), indicating that maximum germination can be estimated after ~3 d. Germination was effectively the same at 25, 30, and 35°C (P > 0.05) regardless of DAI. At 5, 10, 15, and 20°C, germination increased with increasing DAI (P < 0.05; Fig. 1 ), indicating that germination was delayed at cooler temperatures. Germination was approximately 50 and 20% at 30 and 35°C, respectively, regardless of DAI, indicating poor germination at high temperatures (Fig. 1) .
Perennial Grasses
There was also a temperature × DAI interaction (P < 0.01) effect on the germination of perennial grasses. Germination increased as DAI increased (P < 0.01) at all temperatures except 5°C (P = 0.95; Fig. 2) . At 10 and 14 DAI, germination was greater (P < 0.05) at 15 than at 20°C, indicating that 15°C was the optimal temperature for germination statistical testing. Back transformations were used for reporting means and graphical displays. Generalized linear mixed models (GLIMMIX procedure) in SAS version 9.3 (SAS Institute, Inc., Cary, NC) were used to test for the effects of temperature and DAI (i.e., main effects) and their interaction on germination. To account for block effects and other potential sources of variation, replicate × trial, trial, and grass entry were considered as random effects, which controlled extraneous sources of variation and allowed for better estimation of the effects of the independent variables on the response (Littell et al., 2006) .
The effects of annual and perennial grass entry, temperature, and their interaction on seed germination were also of interest, so to simplify the analysis, only data from 14 DAI (when cumulative germination would be the greatest across all grass entries) was considered. Because grass entry was specified as a fixed effect in this analysis, only replicate × trial and trial were considered as random effects to control for these sources of variation. The GLIMMIX procedure was used for all analyses as well as the Kenward-Roger denominator degrees of freedom adjustment to account for multiple random effects and correlated errors (Kenward and Roger, 1997; Littell et al., 2006) . Significance was accepted at P £ 0.05. When a significant F-test was observed, Tukey's honestly significant difference test was used to compare means. Fig. 1 . Temperature × days after initiation interaction (P < 0.01) effects on the germination of annual cool-season grass seeds. Means were calculated across six annual cool-season grass entries, two trials, and two replicates (n = 24). P-values indicate whether the slope of each temperature line was different from zero (P £ 0.05), in addition to planned contrasts to compare the two temperatures at which germination was greatest.
in these perennial cool-season grasses (Fig. 2) . Germination at 5 and 35°C was very poor (<10%) across all DAI, and maximum germination after 14 DAI at 10 and 30°C was approximately 55 and 45%, respectively, indicating temperatures of 15-25°C are necessary to achieve >60% germination in these cool-season perennial grasses (Fig.  2) . However, McGinnies (1959) reported no germination in cool-season perennial grasses such as Agropyron spp., bromegrass (Bromus inermis Leyss.), and Russian wild rye [Psathyrostachys juncea (Fisch.) Nevski] at 10°C at 14 d.
The recommended planting date for cool-season grasses in the Southern Great Plains is mid-September, when hot, dry summer conditions begin to subside, the average daily temperature is 24°C, and average rainfall increases (Fig. 3) . Reduced weed and disease pressures, minimized risk of water-deficit stress, and minimized Fig. 2 . Temperature × days after initiation interaction (P < 0.01) effects on the germination of perennial cool-season grass seeds. Means were calculated across 14 perennial cool-season grass entries, two trials, and two replicates (n = 56). P-values indicate whether the slope of each temperature line was different from zero (P £ 0.05), in addition to planned contrasts to compare the temperatures at which germination was greatest. maximum or optimal germination response to temperature at 14 DAI varied slightly by entry and generally occurred within the range of 15-20°C, which was narrower than the range observed for the annual grasses. The tall fescues and tall wheatgrass [Thinopyrum ponticum (Podp.) Z.-W. Liu & R.-C. Wang] generally exhibited maximum germination between 15 and 25°C, whereas the temperature of maximum germination for the orchardgrasses and hardinggrasses tended to be between 15 and 20°C (Table 3) . Within the tall fescues, summer-dormant tall fescue lines ('NFTF 1600 E+', 'NFTF 1700 E-', 'NFTF 1800 E-, and 'Flecha') tended to germinate at cooler temperatures than the summer-active lines ('NFTF 2000', 'NFTF 2010', and 'Texoma MaxQ II'), which had greater germination at warmer temperatures, especially temperatures greater than 25°C (Table 3) . Within the summer-dormant tall fescues, NFTF 1600E+ differed in that it had similar germination response to the summer-active tall fescues, and NFTF 1800E-was more sensitive (had reduced germination) at higher temperatures (>25°C). Zhang et al. (2013) reported similar results with Flecha and summer-active 'Advance' tall fescues' germination response to cool and warm temperature extremes. Schellenberg et al. (2013) reported that the greatest final germination of slender wheatgrass [Elymus trachycaulus (Link) Gould ex Shinners ssp. trachycaulus] occurred at 25°C. McGinnies (1959) reported 20°C to be the optimum temperature for germination of six cool-season perennial range grasses. With the exception of NFTF 1800 E-tall fescue, which appears to be more sensitive to high temperatures, the tall fescues tended to have the greatest germination across temperatures greater than 10°C. No entry germinated at 5°C and only six entries germinated at 35°C, with 'Lakota' rescuegrass (Bromus catharticus Vahl) and NFTF 2000 and NFTF 2010 tall fescues exhibiting the greatest germination (average 33%; Table 3 ). Similarly, Sprague (1943) reported reduced germination of bromegrass, meadow fescue [Schedonorus pratensis (Huds.) P. Beauv.], and orchardgrass at temperatures below 13 and above 29°C. With the exception of winter injury risk when seeded at least 6 wk prior to the average date of the first killing frost (11 November in southern Oklahoma) are some advantages of late summer planting (Cosgrove and Collins, 2003) .
Grass Entry-Specific Germination
Annual Cool-Season Grasses There were grass entry (P < 0.01), temperature (P < 0.01), and entry × temperature (P < 0.01) effects on the germination of annual cool-season grasses at 14 DAI. Maximum germination at 14 DAI of the majority of annual coolseason grasses occurred between 10 and 20°C. All entries germinated at 5°C but neither oat entry germinated at 35°C (Table 2 ). All entries exhibited excellent germination (>70%) at 15 and 20°C, but the germination of most entries decreased at temperatures greater than 20°C (Table 2) . However, 'Marshall' ryegrass had excellent (average 97%) germination at 25 and 30°C and moderate (72%) germination at 35°C (Table 2) , indicating its potential for earlier autumn planting dates or use in warmer climates. 'Elbon' rye and Marshall ryegrass had greater than ~90% germination across the widest range of temperatures (5-25°C and 10-30°C, respectively), whereas 'Heavy Grazer' oat exhibited excellent (90%) germination at only 20°C and moderate (73%) germination at 15°C (Table 2) . Zhang et al. (2013) reported that 'Archie' annual ryegrass exhibited >80% germination from 12 to 35°C, which was similar to the germination observed for Marshall ryegrass in this study. Small grains are typically planted in mid-September in the Southern Great Plains when temperatures decrease and rainfall increases (Fig. 3) . Marshall ryegrass could be planted earlier than the small grains (without increasing the seeding rate) to take advantage of the increased rainfall amounts typically received in September.
Perennial Cool-Season Grasses
There were grass entry (P < 0.01), temperature (P < 0.01), and entry × temperature (P < 0.01) effects on the germination of perennial cool-season grasses at 14 DAI. The Table 2 . Temperature × grass entry interaction (P < 0.01) effects on the germination of annual cool-season grasses at 14 d after treatment across two trials and two replicates (n = 4). Heavy Grazer  55bBC †  62cB  73dB  90abA  40dCD  27dD  0cE  Oat NF402  48bCD  83bAB  84cdAB  91abA  65cBC  44cdD  0cE  Rye Elbon  95aA  96aA  98aA  94abA  89bA  66bB  25bC   Rye Maton II  86aA  87abA  86bcA  84bA  59cdB  52bcB  17bC   Rye Oklon  91aA  95abA  93abA  92abA  63cB  47bcdB  12bC  Ryegrass Marshall  61bB  95abA  99aA  98aA  99aA  95aA  72aB SE ‡ 0.6
'NFOG 101' orchardgrass, all entries exhibited excellent germination (>70%) at 15°C (Table 3) . Monks et al. (2009) reported maximum germination of commercial perennial cool-season grasses occurred between 10 and 30°C, with optimum germination temperatures of 18, 15 to 30, and 17°C for 'Vision' orchardgrass, Advance summer-active tall fescue, and Flecha summer-dormant tall fescue, respectively, a result which is similar to the present findings. Because summer-active tall fescues germinate at higher temperatures, acceptable planting dates in the Southern Great Plains are no earlier than 15 September (~70% germination with a 20% increase in seeding rate) when average temperatures are 25°C. However, since germination of summer-dormant tall fescues and orchardgrasses is reduced at temperatures >25°C, planting between 1 and 15 October, when hot, dry summer conditions begin to subside, average daily temperature is approximately 18°C, and average rainfall increases, is recommended (Fig. 3) .This recommended planting date also allows for seedlings to be at least at the three-leaf stage before the average first frost occurs on 11 November. Butler et al. (2008) recommended that cool-season perennial grasses such as tall fescue should be planted in late September to early October, with annual weeds having been controlled in spring prior to planting. This later planting date corresponds with cooler temperatures and adequate rainfall to germinate and control weeds with glyphosate [N-(phosphonomethyl)glycine] prior to planting perennial grasses.
CONCLUSIONS
In addition to moisture, temperature is an important factor in the germination of cool-season grasses. A desirable characteristic of commercial cool-season grass cultivars would be the ability to germinate over a range of temperatures, thereby making them easier to establish than those species with narrow temperature ranges (Townsend and McGinnies, 1972) . The germination of autumn-planted cool-season grasses in warmer temperatures will allow producers earlier planting date options and could result in longer grazing seasons.
The temperature for optimum germination (>70%) of most annual cool-season grasses was 10to 20°C and it was 15 to 20°C for most perennial cool-season grasses. Germination under a greater range of temperatures allows annual cool-season grasses to take advantage of variable rainfall patterns and amounts and to compete for resources better than perennial grasses. Cool-season annual grass germination was generally reduced at temperatures greater than 25°C. No germination rates of perennial cool-season grasses occurred at 5°C but after 14 DAI, there was almost 70% germination across the annual species. Marshall annual ryegrass and the continental (summer-active) tall fescues generally had the greatest or among the greatest germination across the widest range of temperatures (10-35 and 15-25°C, respectively), indicating that they can be planted earlier in autumn (when temperatures are warmer and moisture becomes more available) than other cultivars while maintaining optimal germination. If planting dates are adjusted then seeding rates of rye, oat, orchardgrass, hardinggrass, and tall fescue should also be adjusted, and should be increased by ~30% if planted Table 3 . Temperature × grass entry interaction (P < 0.01) effects on the germination of perennial cool-season grasses at 14 d after treatment across two trials and two replicates (n = 4). Rescuegrass Lakota  0aE †  40ghC  75defB  88abcA  72cdB  74bB  22aD   Orchardgrass NFOG 101  0aD  60cdeA  64fA  53fA  30hiB  13hC  0cD   Orchardgrass NFOG 150  0aD  55defB  72efA  72eA  54fgB  28gC  0cD   Orchardgrass Persist  0aD  14iC  79deA  81cdeA  58fB  56cdB  0cD   Hardinggrass NFHG 4010  0aD  59cdeB  72efA  57fB  35hC  42efC  0cD Hardinggrass NFHG 5000 0aE 66bcdB 85bcdA 77deAB 51gC 26gD 0cE
-----------------------------Germination (%) -----------------------------
Tall fescue NFTF 1600 E+ 0aD 80aBC 90abcA 87abcAB 82bcABC 73bC 0cD
Tall fescue NFTF 1700 E0aD 78aA 81deA 81cdeA 62efB 24gC 0cD
Tall fescue NFTF 1800 E0aE 78aB 84cdA 55fB 22iC 7hD 0cE in early September rather than late September. Summerdormant tall fescue should be planted 2 to 3 wk later (1-15 October) than summer-active types (early September).
